A new thermo-optical method for the measurement of wall shear stresses is presented. The technique exploits that the surface temperature field and the near wall flow are closely linked by correlating the thermal wakes of small heated spots with the wall shear stress. Numerical as well as experimental results are presented and different correlation and design parameters are examined. In contrast to recent works, where the thermal tuft length is used for a correlation with the wall shear stress, other parameters were found to be much better suited for a skin friction calibration. It is also shown that the new method has the unique capability to not only measure the magnitude of the wall shear stress but also its direction.
INTRODUCTION
The wall shear stress distribution can be used to detect a variety of phenomena, e.g. flow separation, reattachment, or transition. Therefore, in-depth information about the skin friction is of great importance and a variety of measurement techniques have been developed and tested in the last decades [1] [2] [3] . Commonly used techniques include skin friction balances, pressure probes (e.g. Preston tubes), and surface hot wires or hotfilms. However, many of these techniques require elaborate instrumentation and can interfere with the flow's boundary layer, thereby influencing the quantity to be measured. In addition to these quantitative techniques, a variety of qualitative, shear stress visualizing techniques have emerged in recent years, e.g. references [4] to [7] . These techniques take advantage of the fact that changes in the surface temperature are dependent on the near wall flow and the state of the flow (attached, separated, laminar, or turbulent) . The corresponding wall shear stress is mostly visualized using infrared thermography or liquid crystals.
A new, promising technique that has been the focus of studies in recent years is the so-called 'thermal tuft technique'. Here, the surface temperature distribution around a small heated spot is used to visualize and quantify the near wall flow. Baughn et al. [8] first introduced the thermal tuft technique in 1995 and used it to detect the flow separation on a turbine blade. Their technique, using a laser beam to locally heat the surface and liquid crystals to visualize the thermal wake, was patented in 1999 [9] . In the following years, this laser-thermal-tuft-technique was successfully utilized to study and visualize different flow phenomena [10] [11] [12] [13] . Batchelder and Moffat [14] presented a different method of creating a heated spot by using electrically heated aluminium pins flush mounted in a carrier plate. Other techniques utilize the thermal wake of a spot that is colder than its surroundings [15] [16] [17] [18] . Hunt and Pantoya [19, 20] were the first to use the laser-thermal-tuft-technique as a quantitative tool by correlating the tuft length with the free-stream velocity. They found that the tuft length increases with increased velocity. Baughn et al. [21] used laser-induced thermal tufts to quantify low wall shear stresses and found an opposite trend. The tuft length decreased with increasing free-stream velocity and wall shear stress.
In the present study, a quantitative thermal tuft method for the measurement of wall shear stress magnitude and direction is described and first numerical and experimental results are presented. The thermal tufts in this investigation were produced through Joule heating of a flush-mounted copper wire and the resulting temperature distributions were detected with an infrared camera.
EXPERIMENTAL AND NUMERICAL SET-UP
The experimental investigations were carried out for turbulent flow conditions in an open wind tunnel facility at the Institute of Aeronautics and Astronautics at the TU Berlin. The set-up is illustrated in Fig. 1 . The thermo-optical sensor and a skin friction balance were integrated into a flat plate at a distance of x = 300 mm (x/c = 0.33) from the leading edge, where a trip wire ensured turbulent flow conditions, allowing for simultaneous measurements of wall shear stress and temperature distribution. The flat plate was mounted inside a test section with a cross-section of 300 mm × 400 mm (width × height) at a height of h = 200 mm. The skin friction balance, which was used for reference measurements of the wall shear stress, is a differential head model by Les Industries Fanny Inc. The floating element balance has a second, identical floating head inside the casing, allowing for a compensation of vibration, acceleration, and inclination effects. The floating head diameter is 8.6 mm (1 1/8 in), and the factory calibration has an accuracy of ±2 per cent. The wall shear stress on the sensor was varied by changing the wind tunnel speed and thus the freestream velocity. Measurements were carried out at ambient temperatures (T ∞ = 298 K) for velocities from u ∞ = 0-16.5 m/s, corresponding to Reynolds numbers of Re x = 0-310 000 and wall shear stress values of τ w 0-0.8 N/m 2 . The boundary layer thickness and momentum thickness at the sensor position ranged from δ 99 = 0-8.85 mm and δ = 0-0.86 mm.
The heated spot was created through Joule heating of a copper wire with a diameter of d = 1 mm by applying a voltage to a power resistor (see the right-hand side of Fig. 1 ). The top of the copper wire was level with the surrounding structure's surface. To minimize lateral heat conduction, and to ensure a fast response of the thermal wake to changing flow conditions, the structure was made of a fabric-base laminate (Melamin) with a thermal conductivity of λ = 0.2 W/mK. The sensor was operated in a constant heat flux mode, and the resulting temperature distribution was observed and recorded using an infrared camera.
Numerical simulations were carried out to study various correlation and design parameters using the ANSYS CFX software package. The computational domain is illustrated in Fig. 2 . The thermo-optical sensor was emulated by heating a small circular spot with either a constant heat flux or a constant temperature boundary condition, while the surrounding structure was kept adiabatic. The flow across the sensor was simulated using a Couette flow (see right side of Fig. 2) , allowing for an easy adjustment of the wall shear stress. Since a Couette flow has a linear boundary layer profile, the wall shear stress can be calculated from the upper wall velocity
where µ is the dynamic viscosity, u wall is the upper wall velocity, and h is the distance between upper and lower wall. The skin friction on the sensor was varied from τ w = 0.2 to 3.0 N/m 2 for laminar flow conditions and the ambient temperature was set to the same value as in the experiments (T ∞ = 298 K). The simulations were carried out for two different sensor diameters, d = 0.1 and 1 mm, where the larger diameter corresponds to the sensor diameter of the experiments. The temperature boundary layers of the simulated flow cases are not contained within the viscous sublayer, i.e. y + (δ T ) > 5. Therefore, the results of the Couette simulations cannot readily be transferred to the turbulent flow conditions of the experimental investigations. For this reason, a reference case of a turbulent flow across a flat plate was simulated for one shear stress value using the 'shear stress transport' (SST) turbulence model. The SST model treats the near wall region and the free-stream differently, using a k-ω model for the boundary layer and a k-ε model in the free-stream region. Since the resulting temperature distribution differed only slightly from the laminar cases, it was deduced that the Couette flow could be used as a fast and computationally efficient method to investigate the possible correlation and design parameters that link the temperature distribution to the wall shear stress.
NUMERICAL RESULTS
Using the results of the numerical simulations, various correlation parameters for a skin friction calibration and different sensor modes and diameters were examined. A calibration was chosen over a Reynolds analogy approach, since it offers a more universal area of application.
Correlation parameters
Four correlation parameters were investigated and can be found in the schematic drawing of Fig. 3. 1. Thermal tuft length from midpoint: length between the sensor's centre and the point on a temperature isoline that is farthest away from the midpoint (distance CE in Fig. 3 ).
Fig. 3
Sketch of a thermal tuft temperature isoline with points used for the correlation parameters 2. Thermal tuft length overall: the longest distance between two points on a temperature isoline (distance AE in Fig. 3 ). 3. Area: area within or bounded by a temperature isoline, described by the number of pixels with a value larger or equal to the isoline's value. 4. Integral: area integral of the temperature distribution where only temperatures greater than the ambient temperature are taken into account, I = (T − T ∞ ) dA, where A corresponds to the entire surface of the numerical domain or the field of view of the infrared camera, respectively.
The area integral is unique, because out of all four described correlation parameters it is the only one that does not need an 'evaluation temperature', i.e. a bounding temperature isoline. All other parameters need an evaluation temperature and a strong dependency of the resulting calibration on this temperature can be observed. Two different types of evaluation temperatures were studied. The first one was a fixed temperature, e.g. T eval = 315 K, the second one a variable temperature dependent on the maximum temperature, e.g. T eval = T ∞ + 0.15(T max − T ∞ ). Figure 4 shows the temperature field around a constant heat flux sensor for four different shear stress values. The dependency of the shape of the temperature distribution on the skin friction is clearly visible. The temperature field contracts with increasing shear stress and the maximum temperature decreases. This is also mirrored in the calibration curves shown in Fig. 5 that were obtained for the same sensor, using the above-mentioned four correlation parameters and an evaluation temperature of T eval = 315 K. Since the temperature field contracts with increasing shear stress, the length and area parameters exhibit a decreasing trend. For the integral this trend is intensified by the continuously decreasing maximum temperature. This can also be observed in the resulting calibration curves shown in Fig. 5 . All four parameters produce suitable calibration curves for the sensor modes and diameters investigated.
Influence of the evaluation temperature
The influence of the evaluation temperature on the calibration curves can be seen on the left-hand side in and an evaluation temperature of T eval = 315 K Fig. 6 , where the tuft length calibration of a constant heat flux sensor is shown for six different evaluation temperatures. The trend of the curves reverses from decreasing to increasing tuft length when a variable temperature is chosen instead of a fixed one. This might explain the discrepancies in trends found in the literature [19, 21] , where constant heat flux modes were used. This reversal in trends is due to the fact that for a constant heat flux sensor, the variable evaluation temperature decreases with increasing shear stress because the maximum temperature continuously decreases. The right-hand side of Fig. 6 shows the effect of this decreasing evaluation temperature. Here, a cross-section of a constant heat flux sensor is shown with three temperature isolines for three wall shear stress values. For a constant evaluation temperature (e.g. T eval = 315 K, black lines), the decreasing tuft length with increasing shear stress is clearly visible. However, for a decreasing evaluation temperature (i.e. light grey to grey to black), the reversal in trend is discernible as the tuft length now increases with the wall shear stress. From this cross-section, it can also be seen that the skin friction does not only influence the length but also causes the tuft to move closer to the wall as the temperature isolines contract. The reversal in trends cannot be observed for a constant temperature sensor, because here the maximum temperature is constant and independent of the skin friction, making the variable evaluation temperature in fact a constant evaluation temperature. For the area and integral parameters the trends do not reverse, because while the decreasing evaluation temperature leads to an increasing tuft length, the tuft shape becomes more elongated and less round, leading to an overall decreasing trend for these parameters. However, the choice of evaluation temperature influences the shape of the calibration curves for both parameters. The parameters change less for a variable evaluation temperature and their calibration curves exhibit a much steeper decrease with increasing skin friction for a constant evaluation temperature.
In general, it can be said that a fixed evaluation temperature should be preferred over a variable one and lower evaluation temperatures to higher ones; however, the best choice is the integral parameter where no evaluation temperature is needed.
Comparison of sensor modes
The numerical simulations of the sensor were carried out for two different sensor modes. Either a constant heat flux or a constant temperature boundary condition was used to numerically heat the sensor. Figure 7 displays a comparison of the tuft length and integral calibration curves between the constant temperature and constant heat flux mode. The trend of the tuft length calibration curves reverses from decreasing with shear stress for the constant heat flux sensor to an increasing trend for the constant temperature sensor. A reversal in trend cannot be observed for the integral calibration curves; however, the steepness of the curve is affected. The constant heat flux sensor produces a steeper and therefore better suited calibration curve. The reason for this effect of the sensor mode on the shape of the calibration curves can be seen in Fig. 8 . In order to keep the temperature on the sensor constant, the wall heat flux of the constant temperature sensor has to be variable and has to increase with increasing skin friction to account for the increased convective cooling (see right-hand side in Fig. 8 ).
This increasing heat flux leads to an increase in the tuft length for the constant temperature sensor, as can be seen in the cross-section on the left-hand side in Fig. 8 . However, the temperature field still moves closer to the wall with increasing wall shear stress due to the increased near wall velocity, which explains why the trend of the integral calibration curve remains the same although the curve is less steep because the increase in tuft length adds to the integral parameter.
Shear stress angle
The thermo-optical sensor presented here is not only capable of measuring the wall shear stress magnitude but also its direction, because its thermal wake points in the direction of the near wall flow. The integral and area parameters do not contain any information about the flow direction and thus cannot be used to determine the shear stress angle. However, the length parameters do contain directional information. The shear stress angle can be calculated from the angle between the vector pointing from the tuft midpoint to the point farthest away on the evaluation temperature's isoline (CE in Fig. 3 ) and a reference direction (e.g. the x-axis) using
where a and b correspond to the length and the reference direction.
To study the accuracy of this method, the numerical temperature distributions were rotated with respect to the flow direction (x-axis) and the angles calculated from both length parameters. For the 0 • case, where the temperature field was not rotated, both parameters yield the correct angles for all shear stress values. For larger angles, the tuft length from the midpoint produces slightly better results; however, both parameters are able to determine the shear stress angle with an accuracy of about 1 • . Since the length parameters need a bounding temperature isoline, the accuracy of the angle calculation is dependent on the choice of evaluation temperature. In general, lower evaluation temperatures lead to better, more accurate results.
Guidelines for sensor design and calibration
The numerical simulations were carried out to investigate suitable correlation parameters and sensor design aspects. The insights gained from these investigations were applied in the experiments (see section 4). The following guidelines for a suitable sensor design and calibration were obtained:
(a) the integral parameter should be chosen for the calibration since no evaluation temperature is needed;
(b) constant heat flux sensors should be preferred over constant temperature sensors since they produce steeper, more suitable calibration curves; (c) the shear stress angle is best calculated using the tuft length from the midpoint; (d) constant evaluation temperatures should be preferred over variable ones; (e) larger sensor diameters lead to bigger changes in the tuft length, facilitating the calculation of the shear stress angle.
EXPERIMENTAL RESULTS
The experimental results for turbulent flow conditions and a constant heat flux sensor are presented in Figs 9 and 10. The temperature distributions for four different shear stress values, which were recorded with an infrared camera, are displayed in Fig. 9 . The trend observed in the numerical simulations is clearly confirmed in the experimental results. The temperature field contracts with increasing skin friction, leading to a decreasing tuft length. Because of the insights from the numerical simulations, the integral parameter was used for the skin friction calibration and the tuft length from the midpoint to calculate the shear stress angle. On the lefthand side of Fig. 10 , the integral calibration curve is shown. The same decreasing trend as in the numerical calibrations can be observed. The area on which the temperature field is recorded with the infrared camera is much larger than in the numerical simulations, which is the reason why the actual integral values are much larger than in the numerical calibrations. The influence of the evaluation temperature on the tuft length calibration curves could also be confirmed in the experiments. Just as in the numerical simulations, the calibration curves became less steep with increasing evaluation temperature and reversed their trend for variable evaluation temperatures.
The skin friction sensor presented here has the unique ability to not only measure the wall shear stress magnitude but also the direction of the viscous forces. The skin friction angle (with respect to a reference direction) can be calculated from the tuft length from the midpoint. In the case presented here, the sensor was not rotated with respect to the flow, so the angle should be 0 • for all wall shear stress values. The right-hand side in Fig. 10 displays the shear stress angles that were calculated from the infrared data. The results show some scatter, however the angle can be determined with an accuracy of about 2 • .
CONCLUSION
A new wall shear stress measurement technique using the thermal wakes of small heated spots is presented. The technique allows for the simultaneous measurement of shear stress magnitude and direction, distinguishing it from other skin friction measurement techniques. A novel thermo-optical sensor was investigated numerically and experimentally and the results agree very well with existing literature. An agreement with reference [21] was found in the numerical as well as the experimental results, however, the opposite trend with increasing tuft length reported in reference [19] could also be verified. It could be shown that the behaviour of the tuft length with changing wall shear stress is dependent on how the temperature data are analysed and which sensor mode is used. Unlike the results of existing literature, a correlation parameter other than the tuft length was found to be best suited for a wall shear stress calibration.
Numerical simulations were carried out for laminar flow conditions and a skin friction range of τ w = 0.2-3.0 N/m 2 . The results were used to gain insights into suitable correlation parameters and design guidelines. Four different correlation parameters were investigated and the integral of the temperature distribution was found to be ideally suited since it does not need an evaluation temperature. However, the integral does not contain any directional information and cannot be used for the calculation of the shear stress angle. For this purpose, the tuft length from the sensor midpoint produced good results. From the numerical results, guidelines for the sensor calibration and design were deduced. The trends observed in the numerical simulations could also be confirmed in the experimental investigations, where a constant heat flux sensor was analysed for turbulent flow conditions. Overall, a very good agreement between numerical and experimental results was observed.
The thermo-optical technique presented here is well suited for measurements of wall shear stress magnitude and direction in laminar and turbulent flow conditions. 2 Naughton, J. and Sheplak, M. Modern developments in
